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Abstract—Estimating the environmental exposure to manufactured nanomaterials is part of risk assessment. Because nanoparticles
aggregate with each other (homoaggregation) and with other particles (heteroaggregation), the main route of the removal of most
nanoparticles from water is aggregation, followed by sedimentation. The authors used water samples from two rivers in Europe, the
Rhine and the Meuse. To distinguish between small (mainly natural organic matter [NOM]) particles and the remainder of the natural
colloids present, both ﬁltered and unﬁltered river water was used to prepare the particle suspensions. The results show that the removal of
nanoparticles from natural river water follows ﬁrst-order kinetics toward a residual concentration. This was measured in river water with
less than 1mgL1 CeO2 nanoparticles. The authors inferred that the heteroaggregation with or deposition onto the solid fraction of
natural colloids was the main mechanism causing sedimentation in relation to homoaggregation. In contrast, the NOM fraction in ﬁltered
river water stabilized the residual nanoparticles against further sedimentation for up to 12 d. In 10mgL1 and 100mgL1 CeO2
nanoparticle suspensions, homoaggregation is likely the main mechanism leading to sedimentation. The proposed model could form the
basis for improved exposure assessment for nanomaterials. Environ. Toxicol. Chem. 2012;31:1019–1022. # 2012 SETAC
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INTRODUCTION
The large-scale production of nanomaterials [1] has raised
concerns about their potential environmental risks [2].
Typical colloidal processes need to be taken into account when
estimating the exposure concentration of nanomaterials [3–5].
Although individual colloidal processes such as aggregation
and sedimentation have been studied to a reasonable extent, this
is usually done only with well-deﬁned model systems, which
lack the complexity present in the natural environment [6,7]. In
the present study, we investigate the effect of natural colloids on
the sedimentation of CeO2 nanoparticles in river water.
Natural colloids are a ubiquitous component of natural
surface water and are likely to affect the fate of nanoparticles
[3,8,9]. Natural colloids are generally categorized into three main
components [10]: inorganic solids, small organic compounds
(a few nanometers), and larger, rigid biopolymers (0.1–1mm).
The interaction of nanoparticles with the full range of natural
colloids has been studied poorly, and most studies have empha-
sized the natural organic matter (NOM) fraction, which consists
of relatively small organic compounds, such as fulvic and humic
acids [11–15]. However, several studies have shown that nano-
particles tend to associate with bioﬁlms [16,17] and wastewater
biomass [18,19], indicating that heteroaggregation and deposi-
tion are important aspects of the fate of nanoparticles in the
aquatic environment [6].
Estimating the exposure concentration of nanoparticles
requires a quantitative model describing the removal processes
in the water phase. We previously proposed to use ﬁrst-order
rate constants for this [4]. This suggestion is based on the
assumption that ﬁrst-order kinetics apply when heteroaggrega-
tion with or deposition onto natural colloids is the dominant
process affecting aggregation and sedimentation. We use the
sedimentation data of CeO2 nanoparticles in natural river water
to test our proposed model. This model describes the removal of
nanoparticles by ﬁrst-order kinetics toward a residual concen-
tration in the water phase. This is the ﬁrst time such a model
could be veriﬁed by experimental data.
MATERIALS AND METHODS
Sampling and sedimentation
River water was sampled at the Dutch water monitoring
pontoons in Eijsden (Meuse) and Lobith (Rhine), The Nether-
lands. The samples were stored at 48C, and the experiments
were started on the day after sample collection. Before suspen-
sion preparation, the river water was shaken to resuspend any
sedimented natural colloids, and a portion of the river water
was ﬁltered over 0.2-mm Pall nuclepore ﬁlters as pretreatment.
The suspensions were prepared by adding different doses of
CeO2 nanoparticles to 100ml river water to reach 1, 10, and
100mgL1 mass concentrations of CeO2, respectively. The
sedimentation behavior was followed for 12 d by sampling the
supernatant (Fig. 1). Samples from the supernatant were taken
at six different time points during the experiment at 3 cm above
the bottom of the glass ﬂasks, and the total height of the water
column was 6 cm (Fig. 1). This method was adapted from two
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previous studies describing the stabilizing effect of NOM
[11,13].
Nanoparticles and analysis
The CeO2 nanoparticles were obtained as a 100 g L
1 sus-
pension at pH 4 (kindly supplied by Umicore Ltd., as part of the
NanoInteract project). The particles were dried after synthesis
and redispersed into Milli-Q water by ball milling. Prior to the
redispersion, the pH of theMilli-Q water was adjusted to 4 using
diluted nitric acid. The manufacturer reported a Branauer–
Emmett–Teller (BET) surface area of 42m2 g1 and a calcu-
lated BET surface-based particle diameter of 20 nm. The CeO2
particles have an isoelectric point at pH 8.0 [13,20,21].
The measurements of the water quality parameters were
obtained from the freely accessible waterbase application [22]
(see Supplemental Data, Table S1). The concentration of sus-
pended solids was measured by ﬁltering with 1.2-mmWhatman
GF/C ﬁlters and weighing after drying. The concentration of
CeO2 nanoparticles was measured by high-resolution induc-
tively coupled plasma-mass spectroscopy (Element 2 HR-ICP-
MS; Thermo). Before analysis, 4ml of the sample was weighed
into 50-ml tubes for digestion with 7ml 14.4M HNO3 and 1ml
9.8M H2O2 at 1038C for 2 h. The particle diameter was
measured by nanoparticle tracking analysis with the NanoSight
LM 20 (NanoSight) using a previously described method [13].
This method tracks the brownian motion of nanoparticles in
water using a laser and camera. The zeta potential of all of the
samples was measured at the end of the deposition experiment
with a ZetaSizer (nano series; Malvern Instruments) as an
indication of the electrostatic stabilization against aggregation.
As a measure for NOM, the dissolved organic carbon was
measured by adding HNO3 and purging with O2 using a
HiPerTOC total organic carbon analyzer (Thermo). The stat-
istical calculations were performed in R (Ver 2.12.2) [23].
RESULTS AND DISCUSSION
The physicochemical parameters of the Rhine and Meuse
water samples were similar. Natural colloids in the Rhine
and Meuse water samples contained 12mgL1 and 5mgL1
of larger suspended solids and NOM consisted of 4.5mgL1
and 3.7mgL1 dissolved organic carbon, respectively (see
Supplemental Data, Table S1).
For the most dilute sample (1mgL1 CeO2), between 80 and
86% of CeO2 was removed in 12 d from the unfractionated river
water, compared with a removal of only 14 to 22% from the
ﬁltered river water (Fig. 2). This can be explained by the CeO2
nanoparticle heteroaggregation with or deposition onto natural
colloids, followed by sedimentation. However, it cannot be
excluded that homoaggregation also plays a role prior to
sedimentation at this CeO2 nanoparticle concentration. The
natural colloids themselves settled out of suspension, as was
conﬁrmed by a decrease in the aluminum concentration from
454mg L1 to 15mg L1 and 69mgL1 to 8mgL1 after 10 d of
sedimentation for the Rhine and Meuse water samples, respec-
tively (Supplemental Data, Fig. S1). At the higher initial CeO2
concentrations (10 and 100mgL1), more than 99% of the
CeO2 nanoparticles sedimented out of the unﬁltered suspen-
sions within 12 d of settling (Fig. 3). At these higher nano-
particle concentrations, homoaggregation was likely to be more
important than interaction with the natural colloids. Although
the residual concentration of CeO2 in the 10mgL
1 CeO2
suspension was still the lowest for the presence of natural
colloids in both the Rhine and Meuse samples, more than
98% of the CeO2 nanoparticles sedimented out of the ﬁltered
river water (Fig. 3).
The 1mgL1 CeO2 suspension in the ﬁltered river water
showed almost no sedimentation (Fig. 2). However, the zeta
Fig. 1. Experimental setup showing particle suspensions that were left to
settle for 12 d in ﬂasks. At set time points, a sample of the supernatant
was collected for analysis at 3 cm above the bottom of the ﬂask. [Color
ﬁgure can be seen in the online version of this article, available at
wileyonlinelibrary.com.]
Fig. 2. The CeO2 nanoparticle sedimentation over time for the lowest
initial concentration of CeO2 in the Rhine (triangles) andMeuse (diamonds)
Rivers,TheNetherlands.Water sampleswithnatural colloids (solid symbols)
show increased sedimentation compared to ﬁltered river water (open
symbols). The lines indicate least squares ﬁt of Equation 2 to the data points
(N¼ 6). [Colorﬁgurecanbe seen in theonlineversionof this article, available
at wileyonlinelibrary.com.]
Fig. 3. Residual concentration of CeO2 nanoparticles after 12 d of settling in
relation to the initial CeO2 concentration for ﬁltered and unﬁltered
river water, average of concentration in Rhine and Meuse Rivers, The
Netherlands.
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potential in relation to an electric conductivity of approximately
670ms cm1 of the river water was too low to explain this
stability in terms of electrostatic repulsion, thereby suggesting
steric repulsion resulting from the adsorbed NOM. The zeta
potentials of colloids from the Rhine andMeuse samples and for
both the 1 and the 10mgL1 suspensions were very similar
(between 17.9 and 15.4mV). Only the 100mgL1 suspen-
sion showed a slightly less negative zeta potential (between
12.9 and 11.5mV). We suggest as an explanation that, in
this case, the NOM fraction of natural colloids decreased the
attachment efﬁciency of nanoparticles. At higher CeO2 nano-
particle concentration, this effect in ﬁltered river water is not
observed because of the limited amount of NOM available.
Even though a relatively low sedimentation rate was measured,
the particles in suspension were somewhat larger than the
original material, ranging between 372 and 806 nm and between
387 and 519 nm for the Rhine and Meuse River water samples,
respectively, compared with 171 nm for the stock CeO2
suspension.
The data showed that both the residual concentration (Cres)
and the rate of sedimentation (ksed) were related to the initial
nanoparticle concentration (C0) or the collision frequency. This
is known from colloid science theories describing aggregation
and sedimentation [7,24,25]. Consistent with the theories, the
results show that an increasing initial nanoparticle concentra-
tion resulted in an increasing rate of sedimentation [24] and a
decreasing residual CeO2 nanoparticle concentration (Figs. 2
and 3). We reason that in addition to the collision frequency, the
attachment efﬁciency also affected the aggregation rate. This is
shown by the relatively stable suspension of 1mgL1 CeO2
nanoparticles in ﬁltered river water in the absence of suspended
solids but in the presence of NOM. The NOM is known to
reduce the attachment efﬁciency [24,26,27], although increases
resulting from bridging have been reported at higher NOM
concentrations [28,29]. Aswe have shown earlier [13], an increase
in the NOM content can reduce the sedimentation rate for
similar CeO2 nanoparticles. In general, the initial particle
concentration, which affects the collision frequency, and the
macromolecular components (e.g., the NOM), which affect
the attachment efﬁciency, are the twomain parameters affecting
the aggregation and subsequent sedimentation of nanoparticles
in water.
Homoaggregation is the dominant process when relatively
high initial nanoparticle concentrations are present. The rate at
which homoaggregation takes place is faster than what ﬁrst-
order kinetics describes [7,25,30]. Conversely, when hetero-
aggregation is dominant, the following ﬁrst-order kinetics apply
dNNP=dt ¼ -kagg  NNP  NNC½m3s1; (1)
where kagg [m
3s1] is the aggregation rate constant. Thismodel is
commonly used for deposition in porous matrices [7,31]. Given
the sedimentation process, we propose to use
Ct ¼ ðC0-CresÞ e^ ð-ksed  tÞ þ Cres ðmgL-1Þ (2)
as a simpliﬁed model for estimating the concentration of
nanoparticles over time. To test how this ﬁrst-order model
describes the measurements quantitatively, the model param-
eters C0, Cres, and ksed were estimated by the nonlinear least
squares regression (seeTable 1). For thismodel,we assumed that
heteroaggregationwas the dominant process, which is the case at
relatively low concentrations of nanoparticles. The model ﬁt for
the lowest initial particle concentration in the unﬁltered river
water was very good (Fig. 2); however, in the ﬁltered river
water, the residual concentration was already attained after the
ﬁrst day of settling. Thus, at relatively high initial particle
concentrations, it is clear that the removal of particles from the
suspension during the ﬁrst day is faster than can be explained
by ﬁrst-order sedimentation kinetics, likely because of the
increased homoaggregation at these higher nanoparticle con-
centrations. Consequently, the ﬁrst measurement was omitted
from the regression, because themodelwas not valid under those
circumstances (Supplemental Data, Figs. S2 and S3). It should
also be noted that the model describes the mass concentration
of CeO2 nanoparticles in time. This means that the CeO2
nanoparticles in the residual concentration likely do not have the
same physicochemical characteristics as the initially added
nanoparticles. In time, nanoparticles are subject to changes
in, for example, aggregate size and coating. This is the ﬁrst
experimental data demonstrating the effect of natural colloids on
the rate of the removal of foreign nanoparticles from the water
phase. According to our results using Rhine and Meuse water
samples, the rate at which these particles disappear from the
solution followed ﬁrst-order kinetics and was strongly reduced
by preﬁltering, that is, the removal of the natural colloids. For the
generalization to other nanoparticles and systems, the increased
complexity of the natural environment should be kept in mind;
for example, the increased shear stress or interaction with
Table 1. Nonlinear least-squares estimates of the sedimentation rate constant (ksed), residual concentration (Cres), and beginning
concentration (C0) for Equation 2
a
C0,added (mgL
1) Natural colloids k (d1) Cres (mgL
1) C0 (mgL
1)
Rhine 1 NC 0.30 0.007  0.06 0.003  0.62 0.003 
F 2.24 1.91 0.47 0.010  0.57 0.019 
10b NC 0.83 0.040  0.05 0.005  2.10 0.083 
F 0.87 0.049  0.10 0.01  4.27 0.204 
100b NC 0.98 0.006  0.02 0.001  5.74 0.036 
F 1.06 0.012  0.02 0.002  8.78 0.104 
Meuse 1 NC 0.58 0.069  0.10 0.008  0.48 0.013 
F 2.44 5.07 0.65 0.014  0.57 0.019 
10b NC 0.67 0.002  0.02 0.0002  0.68 0.001 
F 0.79 0.010  0.12 0.002  2.89 0.028 
100b NC 0.99 0.052  0.05 0.016 3.20 0.714 
F 1.06 0.229  0.05 0.010  6.98 0.354 
a Standard error and signiﬁcance for N¼ 6 samples in the fractionated (F) and unfractionated (NC) Rhine River and Meuse River water samples.
bN¼ 5, concentration at T¼ 0 omitted from the regression due to the high concentration of CeO2. p< 0.05.
 p< 0.01.
 p< 0.001.
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organisms [20,32]. We further propose that the model will
adequately describe the clearance of nanoparticles from the
water phase under various conditions. Low initial concentrations
of nanoparticles are expected to be the most common, so the
natural colloids present are likely to play an important role in
nanomaterial sedimentation. The heteroaggregation with or
the deposition onto these natural colloids, followed by their
sedimentation from the water phase, is likely to be the main
removalmechanismof nanoparticles in naturalwater. Therefore,
this approach is a valuable observation for the futuremodeling of
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